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Tinnitus, the perception of sound in the absence of external acoustic stimulation, is a common and devastating pathology. It is
often a consequence of acoustic trauma or drug toxicity. The neuronal mechanisms of tinnitus are neither yet fully understood
nor are eﬀective treatments available. Using a novel behavioral paradigm for measuring tinnitus in the rat based on tone-guided
navigation, we show here that the development of long-term noise-induced tinnitus, the most prevalent and clinically important
form of human tinnitus, can be abated by local administration of the NMDA antagonist “ifenprodil” into the cochlea in the ﬁrst
4 days following the noise insult but not afterwards. This suggests that long-term tinnitus undergoes a consolidation-like process,
resemblingtheontogenyofitemsinlong-termmemory.Furthermore,thisﬁndingpavesthewaytopotentialtherapeuticstrategies
for the prevention of chronic tinnitus once the noise insult had taken place.
Copyright © 2007 M. J. Guitton and Y. Dudai. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.
1. INTRODUCTION
Tinnitus, the perception of sound in the absence of external
acoustic stimulation, is a widespread pathology and aﬀects
around 10% of the adult population [1–4]. It is commonly
the result of overexposure to noise or overconsumption of
drugs such as salicylates. During the past decades, clinical
studies, however, consistently reported noise overexposure
as the main cause of tinnitus in human [1, 2, 5, 6]. Despite
the strong alteration of the quality of life of patients suﬀer-
ing from tinnitus and its impact on public health systems,
and despite increasing knowledge on the molecular mecha-
nisms involved [7–10], no eﬃcient cure is currently available
[4, 6, 9].
Given the high prevalence and the suﬀering involved, the
neurobiology of tinnitus is of great importance. It bears the-
oretical interest as well. What is it that alters a perceptual sys-
tem to experience a phantom percept? Is this a form of run-
away plasticity, and can it be blocked? Are its mechanisms
shared with those that subserve memory? Evidence has been
accumulated to implicate neuroplasticity in tinnitus, includ-
ing a role for cochlear N-methyl-D-aspartate (NMDA) re-
ceptor [7, 11, 12].
Most studies use salicylate-induced tinnitus as a model.
This form accounts, however, for only a minor fraction of
human tinnitus; acoustic trauma is much more prevalent
[2, 5]. Further, whereas salicylate-induced tinnitus is re-
versible, noise-induced tinnitus is frequently chronic. The
mechanisms of noise-induced tinnitus are hardly under-
stood. A particularly important question: once the noise
insult took place, is there still an opportunity to abate
tinnitus?
To achieve progress towards the aforementioned goals,
an animal model is needed. The ﬁrst behavioral model in
the rat was introduced by Jastreboﬀ et al. [13]. They used
noise-controlled conditioned suppression of drinking, and
showed that rats treated with salicylate are less likely to
stop drinking when the noise is turned oﬀ.T h i sh a sb e e n2 Neural Plasticity
taken to indicate that the salicylate-treated rats still hear
the sound in its absence. This imaginative protocol, how-
ever, requires extensive training, utilizes footshock that may
introduce confounding factors, and involves intense wa-
t e rd e p r i v a t i o n .W eh a v es e to u tt od e v e l o pan e wb e h a v -
ioral test for tinnitus in the rat, based on navigation to
a tone in a water T-maze (WTM). Based on the behav-
ior of salicylate-treated rats, we deﬁne criteria for identiﬁ-
cation of tinnitus in the WTM, and use them to identify
noise-induced tinnitus. Here, we report that the induction
of both salicylate-induced and noise-induced tinnitus can be
blockedbythelocalcochlearapplicationofifenprodil,anan-
tagonist of the 2B subunit of the NMDA receptor (NR2B),
a molecule which is implicated in long-term potentiation
and behavioral plasticity in the mammalian brain [14–18].
We further report that this NR2B-dependent process under-
goes consolidation, during which the development of long-
term tinnitus can be prevented by an NR2B blocker. Our
data hence demonstrate a consolidation window in trauma-
induced plasticity in a peripheral sensory system, and point
to a potential method to abate the outcome of the sensory
trauma.
2. MATERIALS AND METHODS
2.1. Animals
Rats (Wistar males, ∼60-day old, 250–380g, total n = 154)
were caged individually at 22 ± 2◦C in a 12-hour light/dark
cycle. Water and food were available ad libitum. All experi-
ments were approved by the Weizmann Institute of Science
Animal Care and Use Committee. The repartition of the
animals in the diﬀerent experimental groups is detailed in
Table 1.
2.2. Behavioralparadigm
We used a place-tone conditioning paradigm, in which the
rat is conditioned in a water T-maze (WTM, see Figure 1)
to associate a tone with the presence of a submerged escape
platform in one of the arms (tone arm), and the absence of
that tone with the presence of the platform in the opposite
arm (no-tone arm). The arm-platform-tone permutations
were counterbalanced between subjects in the experimental
design to eliminate potential side preference. Rats with tin-
nitus were expected to always behave as though the tone was
present, even in its absence. All arms of the WTM were made
of black Plexiglass. The starting arm was 25-cm long and the
two identical lateral arms 40cm long each. All arms were
15-cm wide and 60-cm high, ﬁlled with water to a level of
24cm. Water temperature was 21 ± 1◦C. A sliding door was
installed before the maze decision point. A submerged plat-
form (12-cm diameter, 23cm height) was placed in one of
the arms. The tones used were 10kHz or 6kHz (as indicated
under results) continuous pure tones, 45dB SPL, delivered
fromabovebyaspeaker(HighPerformance3”Tweeter,Best-
Star). In the conditioning phase, rats received 1 session/day
for a total of 3 days. Each session consisted of 12 trials (3
no-tone +3tone alternating twice in that order). The plat-
form was positioned at the end of one arm during the tone
presentation and at the end of the opposite arm during the
no-tone period. The rat was placed in the starting arm for 5
seconds before the opening of the door. The door was closed
after the entrance of the rat to the lateral arm. When appli-
cable, sound onset coincided with the placing of the rat in
the starting arm and continued to overlap the ﬁrst 5 seconds
after the rat reached the platform. When the rat located the
platform, it was allowed to stay on it for 30 seconds before
being placed back in the starting arm (beginning of the next
trial) or in the home cage (after the last trial).
Thefollowing twoparameters wereused toquantifycon-
ditioning in the course of training: time to reach the platform
(averaged over the 12 trials of each session), and correct deci-
sion (percentage of correct responses over 12 decisions made
in a session). The test protocol consisted of a single trial per-
formed in the absence of the platform. Except when other-
wise speciﬁed, rats were tested in the absence of the tone.
When rats were tested with the tone, the tone remains on
for entire duration of the test trial. The rats were placed in
the starting arm 5 seconds before the opening of the door.
The duration of the trial was 100 seconds from the entrance
of the rat into the lateral arm. After this, the rat was placed
back in its home cage. To quantify memory in the test ses-
sion, we recorded the time spent by a rat in each arm. This is
presented in Section 3 as time spent in the indicated arm in
the ﬁrst 50 seconds and in the last 50 seconds, respectively.
This breakdown into early and late test period was done
to allow detection of possible alteration in behavior during
the test itself. We also recorded the ﬁrst arm-selection made
by each individual rat. This was done to supplement at the
group level the observations made of the behavior of the in-
dividual rats. These data are presented only when the size of
the resulting subgroups was large enough to allow statistical
analysis.
2.3. Noiseoverexposure
This was performed in an acoustic chamber (Controlled
Acoustic Environments, Industrial Acoustics Company Inc.,
New York, NY, USA). Rats were exposed to a 6kHz, 130dB
SPL pure-tone for 15 minutes. Optimal tone detection in
the rat, as assessed by electrophysiological recordings of au-
ditory thresholds, is 10kHz [7]. In previous morphologi-
cal and electrophysiological studies, maximum damage was
observed in the tonotopic cochlear area coding for 10kHz
following an acoustic overexposure of a pure-tone of 6kHz
[19]. Sound insult at 6kHz was therefore selected to max-
imize the occurrence of tinnitus of a frequency of 10kHz.
The tone was delivered after an analog ampliﬁcation (MA
430 Power Ampliﬁer, Inkel, Seoul, South Korea) via high-
power speakers (XD 120, Eighteen Sound, Reggio Emilia,
Italy). Rats were anesthetized before the noise overexposure
by IP injection of 0.3mL/kg sodium pentobarbital at 6%
(CTS Chemical Industries Ltd., Tel-Aviv, Israel). All sound
levels were measured and calibrated using a Br¨ uel and Kjaer
microphone (BK Precision 732, Br¨ uel and Kjaer, Norcross,
Ga, USA).M. J. Guitton and Y. Dudai 3
Table 1: Experimental groups. When not speciﬁed, conditioning was performed using a sound of 10kHz, as described in Section 2.S a l i c y -
late refers to a daily injection of salicylate (300/mg/kg) between Day 12 and Day 15. Acoustic trauma refers to the day when the acoustic
overexposure was performed. The name of a pharmacological agent means that this agent was locally applied within cochlear ﬂuids at the
indicated day. When a drug was applied at Day 0, the application was performed just before the sound exposure.
Day −4t oD a y−2 Day 0 Day 4 Day 8 Day 12 Day 15 n
Control unconditioned animals
Test (silence) 8
Test (sound 10kHz) 8
Salicylate Test (silence) 8
Calibration experiments
Conditioning Test (silence) 8
Conditioning Test (sound 10kHz) 8
Salicylate experiments
Conditioning Salicylate Test (silence) 8
Conditioning Artiﬁcial perilymph
Salicylate
Test (silence) 8
Conditioning Ifenprodil (10μM)
Salicylate
Test (silence) 8
Acoustic trauma experiments
Conditioning Acoustic trauma Test (silence) 26
Conditioning (6kHz) Acoustic trauma Test (silence) 8
Pharmacological experiments
Conditioning Ifenprodil (10μM)
Acoustic trauma
Test (silence) 8
Conditioning Acoustic trauma Ifenprodil
(10μM)
Test (silence) 8
Conditioning Acoustic trauma Ifenprodil (10μM) Test (silence) 8
Conditioning Acoustic trauma Ifenprodil (10μM) Test (silence) 8
Conditioning DNQX (50μM)
Acoustic trauma
Test (silence) 8
Conditioning Acoustic trauma DNQX
(50μM)
Test (silence) 8
Conditioning mCPP (50μM)
Acoustic trauma
Test (silence) 8
2.4. Surgicalprocedures
RatswereanesthetizedwithIPinjectionof0.3mL/kgsodium
pentobarbital at 6% and operated under aseptic conditions.
The surgical protocol to place Gelfoam (Gelita tampon; B.
Braun Medical, Melsungen, Germany) on the round window
of both cochleae was as described previously [7]. After ex-
position of the cochlea via aposterior approach of the right
bulla, Gelfoam, soaked with 2.5μLo fa r t i ﬁ c i a lp e r i l y m p h
containing the appropriate drug, was applied to the round
window of the cochlea. The bulla was closed with dental ce-
ment, and the surgical wound was sutured. The same proce-
dure was replicated in the other ear.
2.5. Drugs
Salicylate, ifenprodil, and metachlorophenylpiperazine
(mCPP) were purchased from Sigma (Sigma-Aldrich,
St. Louis, Miss, USA), 6,7-dinitroquinoxaline-2,3-dione
(DNQX) was from Tocris (Tocris Bioscience, Avonmouth,
UK). Salicylate was dissolved in saline and kept in the
dark. The N-methyl-D-aspartate (NMDA) receptor an-
tagonist ifenprodil, speciﬁc to NR2B-subunit, was used
at a concentration of 10μM. The α-amino-3-hydroxy-
5-methyl-4-isoxazole propionic acid (AMPA) receptor
antagonist DNQX was used at a concentration of 50μM.
The serotonergic agent mCPP was used at a concentration of
50μM. Ifenprodil, DNQX, and mCPP were all dissolved in
artiﬁcial perilymph (AP, in mM: 140 NaCl, 4 KCl, 2 CaCl2,2
MgCl2, 10 HEPES, 10 glucose, pH 7.4, and osmolarity, 300
± 10mOsm/kg H2O). Drug solutions were prepared freshly
before each experiment. Neither nystagmus nor apparent
dizziness was observed after local application of any of
the pharmacological agents at the concentrations we used
onto the round window, suggesting a lack of eﬀect on the
vestibular function.4 Neural Plasticity
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Figure 1: The behavioral paradigm.( a )Schematic description of the task. Rats were conditioned to associate the location of a submerged
platform in a water T-maze (WTM) with the absence or presence of a tone. When the tone was present, the platform was in one arm (tone
arm), whereas when the tone was absent, the platform was in the opposite arm (no-tone arm). The sidearm-platform-tone permutations
were counterbalanced between subjects within each treatment group to control for potential side preference. In the test, conducted 2 weeks
after the end of training, the rat was placed in the maze for 100 seconds in the absence of the platform. The arm entered ﬁrst by the rat and
the time spent in each arm in the ﬁrst and in the last 50 seconds of the test were recorded. (b) Lack of arm preference in the WTM test in the
absence of conditioning. Animals were tested in the absence of the tone (upper panel, n = 8), in the presence of a 10khz tone (middle panel, n
= 8), or in the absence of the tone after salicylate treatment at a dose established to induce tinnitus (300mg/kg/day for 4 days, tested 2 hours
after the last administration, lower panel, n = 8). (c) Learning curves of the acquisition of the tone-platform association. Acquisition of the
tone-platform association, expressed in time to reach the platform and in percent time spent in the correct arm, each averaged per training
day (n = 124, ∗∗∗P < .001 compared to the previous training day).
2.6. Statisticalanalysis
Behavioral data were analyzed by one-way ANOVA followed
by post hoc comparisons (Tukey’s test). Data are presented
as mean ± SEM. In experiments which involved time, com-
parisons were made using a two-way ANOVA (group × time,
withrepeatedmeasuresonthelastfactor)totestgroupeﬀect,
time eﬀect, and group × time interactions, followed by post
hoc comparisons (Tukey’s test). Proportions of rats experi-
encing tinnitus in various treatment groups were compared
by chi-square test or Mann-Whitney test. In addition, the
occurrence of tinnitus over time following pharmacologicalM. J. Guitton and Y. Dudai 5
treatment was assessed using a Wilcoxon test on the time
spent in the tone arm.
3. RESULTS
3.1. Thebehavioralparadigmanditsvalidation
In the ﬁrst phase of this study, we developed a novel behav-
ioral paradigm that permits objective determination of tin-
nitus in the rat, and veriﬁed the power of this paradigm to
detecttinnitusbytheuseofsalicylatetreatmentundercondi-
tions that are well established to produce tinnitus. We used a
place-tone conditioning paradigm, in which rats learn to as-
sociate the presence of a tone with the presence of an escape
platform in one of the arms (tone arm) of a water T-maze
(WTM), and the absence of that tone with the presence of
theescapeplatformintheoppositearmofthemaze(no-tone
arm). Akin to the reasoning of previous animal protocols in-
tended to detect tinnitus [7, 13], we reasoned that rats with
tinnitus, experiencing phantom tone, would always behave
as though the tone is present, even in its absence. The tone
employed was 10kHz. This frequency is optimally perceived
by the intact rat [7] and characterizes salicylate-induced tin-
nitus in the rat [7, 20].
Unconditioned rats displayed no arm preference in the
WTM, as judged by the time spent in each arm (see
Figure 1(b)). This was regardless of whether they were tested
in the presence of the tone, in its absence, or in the absence
of the tone after being treated for 4 days with salicylate un-
der conditions known to induce tinnitus [7, 20]. Thus, in the
absence of the tone, the unconditioned rats spent 25.4 ± 1.7
seconds and 23.7±2.7 seconds in the left arm during the ﬁrst
and the last 50 seconds of the test, respectively. When tested
in presence of the 10-kHz sound, the corresponding values
were 25.0±1.1 seconds and 24.7±0.8 seconds. Finally, when
tested in the absence of the tone, unconditioned salicylate-
treated rats spent 24.9 ± 1.1 seconds and 25.1 ± 1.1 seconds
in the left arm during the ﬁrst and the last 50 seconds of the
test, respectively. Further, the ﬁrst arm choice was made ran-
domly: 4 of the 8 of the unconditioned rats selected the left
arm as their ﬁrst choice.
In contrast, in conditioned rats, a clear preference be-
came evident over training for the tone- /no tone-cued arm
associations, as manifested in the time to reach the plat-
form and in choice preference (learning curve, Figure 1(c)).
Hence, on Day 1 of training, the mean time to reach the plat-
form was 9.8 ± 0.1 seconds and accuracy was 43.3 ± 0.8%,
reaching 3.7±0.05 seconds and 74.4±0.7%, respectively, on
Day 3 (see Figure 1(c), n = 124).
The memory for the association remained robust two
weeks after the end of training (see Figure 2). When tested
in the absence of the tone two weeks after the end of train-
ing, the conditioned rats spent only 13.4 ± 1.2 seconds and
14.1 ± 1.3 seconds during the ﬁrst and the last 50 seconds
of the test, respectively, in the tone arm (see Figure 2(a)).
In contrast, conditioned rats tested in presence of the tone
displayed signiﬁcant preference for the tone arm. They spent
35.8±1.1 seconds and 33.4±0.5 seconds in that arm during
the ﬁrst and last 50 seconds of the test, respectively (diﬀerent
from the conditioned rats tested in the absence of the tone in
both time windows, P < .001, see Figure 2(a)). After salicy-
late treatment, the rats spent 40.3 ± 1.4 seconds during the
ﬁrst 50 seconds and 30.8 ± 0.8 during the last 50 seconds of
the test in that arm (diﬀerent in both cases from the condi-
tioned animals tested in the absence of the tone, P < .001).
In addition, despite being in both cases signiﬁcantly diﬀer-
ent from the untreated conditioned animals tested in the ab-
senceofthetone,thetimespentinthetonearmbysalicylate-
treated conditioned rats was signiﬁcantly higher during the
ﬁrst 50 seconds of the test (P < .01). This might imply that
the subjective perception of the cue in salicylate-treated rats
is not exactly as in the untreated rats. An alternative hypoth-
esis could be that animals behave diﬀerently in the test due to
an elevation of their auditory thresholds [7]. In the present
protocol, given that animals are tested in the absence of the
tone,deafanimalswouldbeexpectedtohaveagreaterproba-
bility to spend time in the no-tone arm. Indeed, the physical
absence of the tone would probably combine with the per-
ceptive silence of deafness. This, however, is not the case: fol-
lowing salicylate treatment, animals spent more time in the
tone arm. Thus, a contamination of deafness in the interpre-
tation of these data can be ruled out.
Rats treated with salicylate as above, but receiving a local
cochlear application of ifenprodil, an NR2B antagonist, per-
formed in the WTM similarly to untreated rats tested in the
absence of the tone (Figure 2(a)). They spent only 12.5 ±0.9
seconds during the ﬁrst 50 ﬁrst seconds and 14.3 ± 0.9s e c -
onds during the last 50 seconds of the test in the tone arm
(not signiﬁcantly diﬀerent from untreated rats). Local appli-
cation onto the cochleae of the vehicle only had no eﬀect on
salicylate-treated rats (Figure 2(a)).
3.2. Noise-inducedtinnitus
The results obtained above allowed us to establish criteria to
identify rats with tinnitus by their behavior in the WTM (see
Figure 2(b)). In the aforementioned experiments, two dis-
tinct behavioral patterns became apparent: one, “tone”, cor-
responding to the performance in the WTM of rats tested in
presenceofthetone,andtheperformanceofratstreatedwith
salicylate, or salicylate + vehicle, in the absence of the tone;
the other, “no-tone”, corresponding to the performance in
the WTM of untreated rats and of salicylate + ifenprodil rats,
testedintheabsenceofthetone.Eachratcouldhencebedes-
ignated as “no-tone” or “tone” on the basis of its individual
performance. In addition, a complementary measure could
also be recorded, that is, the number of rats within a given
subgroup of rats assigned on the basis of the above individ-
ual criterion, which selected the arm associated with the tone
as the ﬁrst choice. Rats displaying the “tone” behavior in the
absence of exogenous tone were hence considered to suﬀer
from tinnitus. Rats were designated to the “tone” group if in
the test they spent in the tone arm not more than 2 SD (P >
.05) below the mean time spent in the tone arm by untreated
rats tested in the presence of the tone. In contrast, animals
were designated to the “no-tone” group if in the test in the
absence of the tone they spent in the tone arm not more than
2 SD above the mean time spent by untreated rats tested in6 Neural Plasticity
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Figure 2: Induction of tinnitus by salicylate (sal), its blockade by NR2B antagonist (ifneprodil), and establishment of behavioral criteria for
tinnitus. (a)Time spent in the tone arm during the test. The time spent by various treatment-groups (identiﬁed along the X-axis) in the tone
arm during the ﬁrst 50 seconds (left-hand bar in each pair) and the last 50 seconds of the test. Black bars refer to groups of animals which
were tested after conditioning without any treatment. The test was performed two weeks after the end of conditioning. Rats tested in the
presence of the tone displayed preference for the tone arm, whereas rats tested in the absence of the tone displayed preference for the no-tone
arm. Salicylate-treated rats (300mg/kg/day for 4 consecutive days, the last injection taking place 2 hours before the test) behaved as if they
perceive a tone, spending most of their time in the tone arm though the tone was absent. Cochlear application of artiﬁcial perilymph (AP)
had no eﬀect, but cochlear application of ifenprodil reversed the behavior induced by salicylate (∗P < .01 from animals tested in silence, #
P < .01 from the ﬁrst 50 seconds window of the same group (n = 8 each)). (b) Deﬁnition of the criteria used to designate rats as experiencing
tinnitus. Rats were designated as perceiving a tone in its absence, that is, suﬀering from tinnitus, if in the WTM test in the absence of the
tone they spent in the tone arm not less than 2 SD (P > .05) below the mean time spent by untreated conditioned rats, tested in the presence
of the tone, in the tone arm. Similarly, treated rats were designated as lacking tinnitus if in the test they spent in the tone arm not more than
2 SD above the mean time spent by untreated conditioned rats, tested in the absence of the tone, in the tone arm (the separation of the two
possible behavioral patterns generated according to the aforementioned criteria is emphasized by the grey zone). These criteria were used to
designate rats as experiencing tinnitus in the noise-induced tinnitus experiments.
the absence of the tone in the tone arm (Figure 2(b)). In the
following experiments, none of the animals displayed a be-
havior which did not ﬁt into either the “tone” or the “no-
tone” groups as deﬁned above.
Having established the aforementioned criteria, we pro-
ceeded to test the eﬀect of noise overexposure on the induc-
tion of long-term tinnitus. Whereas salicylate is known to
produce relatively short-term, reversible tinnitus [20], noiseM. J. Guitton and Y. Dudai 7
overexposure is known to be able to induce long-term, irre-
versibletinnitus.However,unlikesalicylatetreatment,theef-
fectiveness of noise overexposure in inducing tinnitus is less
predictable [21]. In the noise overexposure experiments, an-
imals were subjected to an intense overexposure of a 6kHz
pure-tone. Noise-induced tinnitus is often characterized by
having rather high frequency [6, 22]. Furthermore, the fre-
quency of noise-induced tinnitus is thought to be slightly
higher than the frequency of the sound eliciting the tinni-
tus [23]. Hence, using a frequency of 6kHz to elicit tinni-
tus allowed us to analyze tinnitus with a frequency of around
10kHz. Given that 10kHz is the best frequency in rat au-
ditory perception, detection of tinnitus with this frequency
should be more sensitive [7]. However, to conﬁrm this dif-
ference between the frequency of noise overexposure and the
expected frequency of tinnitus, an additional group of ani-
mals was trained using a 6kHz pure-tone as the CS, before
being subjected to noise overexposure.
Two weeks after noise overexposure, rats conditioned to
a pure tone of 6kHz did not display behavioral evidence of
tinnitus in the WTM test. Rats in this group spent 14.3 ±0.8
seconds during the ﬁrst 50 seconds and 15.5 ± 0.6 seconds
during the last 50 seconds of the test in the tone arm (n =
8, not signiﬁcantly diﬀerent from the conditioned animals
tested in the absence of the tone). In contrast, two weeks af-
ter noise overexposure, rats conditioned to the 10kHz (n =
26)tonedidnotrepresentauniformandhomogeneouspop-
ulation. Rather, as demonstrated by the individual perfor-
mance data portrayed in Figure 3, they segregated into two
subgroups based on the aforementioned tinnitus-detection
criteria. Rats in the ﬁrst subgroup (n = 14) behaved like un-
treated rats tested in the absence of the tone (see Figure 3).
T h e s er a t ss p e n t1 2 .5 ± 0.7 seconds during the ﬁrst 50 sec-
onds and 14.1 ± 0.7 seconds during the last 50 seconds of
the test in the tone arm (not signiﬁcantly diﬀerent from un-
treated conditioned rats tested in the absence of the tone).
Rats in this group selected the arm associated with the tone
as their ﬁrst choice in only 3/14 of the cases. Rats from the
second subgroup (n = 12) displayed a response similar to
that expected in presence of the tone (see Figure 3). These
rats spent 33.3 ± 0.8 seconds during the ﬁrst 50 seconds and
34.6±0.9 seconds during the last 50 seconds of the test in the
tone arm (diﬀerent from the conditioned animals tested in
the absence of the tone, P < .001; not diﬀerent from the con-
ditioned animals tested in presence of the tone, see Figure 3).
Furthermore, they selected the tone arm in 8/12 of the cases,
P < .01 compared to the ﬁrst subgroup, Mann-Whitney test.
All in all, our data demonstrate that noise overexposure in-
duces long-term tinnitus, but that only about a half of the
treated rats develop tinnitus. It is noteworthy that this partial
eﬀectiveness is similar to that observed in humans [2, 5].
3.3. Molecularmechanismsofnoise-inducedtinnitus
OurpreviousﬁndingsontheroleofNMDAreceptor[7],and
particularly the present ﬁndings (see above) on the role of
the 2B subunit of the NMDA receptor (NR2B) in salicylate-
induced tinnitus, have led us to investigate the role of the
NR2B in noise-induced tinnitus. Toward that end, we used
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Figure 3: Induction of tinnitus by sound overexposure. The time
spent in the tone arm by the conditioned rats tested in the absence
of the tone, 2 weeks after the sound overexposure. Inset:r a wd a t ao f
WTM performance of the conditioned rats that underwent sound
overexposure (n = 26). These rats segregated into two populations,
basedonthecriteriadepictedinFigure 2(b):inonepopulation(n =
14),alltheratsbehaveasiftheyarenotexperiencingthetone,while
in the second (n = 12), as if they are experiencing the tone in its ab-
sence (for the grey zone, see Figure 2). Insert: the horizontal line in
each group is the mean of that group; the individual data points are
also displayed. Left and right panels: time spent by these two popu-
lations, respectively, in the tone arm during the ﬁrst and the last 50
seconds of the test (∗P < .01 compared to the other subpopulation,
as well as to the conditioned untreated rats tested in the absence of
the tone).
again the NR2B antagonist ifenprodil. None of the rats re-
ceiving local application of ifenprodil just beforesound over-
exposure (n = 8) demonstrated behavioral evidence of tinni-
tus in the WTM (see Figure 4). These rats spent 13.4 ± 0.8
seconds and 13.8 ± 0.8 seconds during the ﬁrst and the last
50secondsofthetestinthetonearm(notsigniﬁcantlydiﬀer-
ent from the conditioned animals tested in the absence of the
tone). Similar results were observed when ifenprodil was ap-
plied to the cochlea 4 days after the noise overexposure (see
Figure 4(a)). Two weeks after the noise overexposure, none
of these rats (n = 8) displayed behavioral evidence of tinni-
tus. They spent 12.9 ± 1 seconds in the ﬁrst 50 seconds and
13.1 ± 0.6 seconds in the last 50 seconds of the test in the
tone arm (not signiﬁcantly diﬀerent from the conditioned
rats tested in the absence of the tone).
In contrast, when ifenprodil was applied 8 days after
noise overexposure, 3 of the 8 rats in the group displayed be-
havioral evidence of tinnitus according to the individual cri-
teriadetailedabove(notstatisticallydiﬀerentfromthenoise-
overexposed group, but statistically diﬀerent from that ob-
served when ifenprodil was applied just before or 4 days after
sound overexposure, P <.05). These ratsspent 35.7±0.9s e c -
ondsand33.7±0.9secondsintheﬁrstandthelast50seconds
ofthetestinthetonearm,althoughtheexternaltonewasab-
sent (diﬀerent from untreated conditioned animals tested in8 Neural Plasticity
12 8 4 0
Time of drug application (day post-trauma)
0
20
40
60
R
a
t
s
w
i
t
h
t
i
n
n
i
t
u
s
(
%
)
∗
∗
Ifenprodil (10μM)
(a)
12 8 4 0
Time of drug application (day post-trauma)
0
20
40
60
R
a
t
s
w
i
t
h
t
i
n
n
i
t
u
s
(
%
)
∗∗
DNQX (50μM)
mCPP (50μM)
(b)
Figure 4: Eﬀect on tinnitus of cochlear application of glutamatergic antagonists as a function of time after noise overexposure. Depicted is the
proportion of animals experiencing tinnitus, as evident in the WTM test, 2 weeks after sound overexposure. Day 0 corresponds to drug
application performed just before sound overexposure. (a) Eﬀect of local cochlear application of ifenprodil as a function of time. When applied
justbeforesoundoverexposure,noneoftheanimalsdisplayedtinnituswhentested2dayslater.Similarresultswereobtainedwhenifenprodil
was applied 4 days after sound overexposure. However, when ifenprodil was applied 8 or 12 days after sound overexposure, about 50% of
the rats experienced tinnitus (not diﬀerent from the proportion observed in the group that underwent sound overexposure, chisquare test
(∗P < .05 compared to the group of animals receiving ifenprodil at day 0, Wilcoxon test)). (b) Eﬀect of DNQX and mCPP. When applied
just before sound overexposure, DNQX totally prevented the occurrence of tinnitus 2 weeks afterwards. However, when applied 4 days after
sound overexposure, no protective eﬀect was evident. Application of mCPP just before sound overexposure did not modify the proportion
of rats experiencing tinnitus (n = 8e a c h ,∗P < .05 compared to the group of animals receiving ifenprodil at Day 0, Wilcoxon test).
the absence of the tone, P < .001; not diﬀerent from the un-
treated conditioned animals tested in presence of the tone).
All the rats in this subgroup selected the tone arm as their
ﬁrst choice. The other 5 rats spent only 13.8 ± 1.4 seconds
during the ﬁrst 50 seconds and 14.2±0.9 seconds during the
last 50 seconds of the test in the tone arm, and four of them
selected the no-tone arm as their ﬁrst choice, in line with
the absence of tinnitus in the group (P < .05 compared to
the group of animals receiving ifenprodil at Day 0, Wilcoxon
test).
Halfoftherats(4/8)thatreceivedifenprodil12daysafter
the sound overexposure demonstrated evidence of tinnitus
(see Figure 4(a)). This proportion is not statistically diﬀer-
entfromthenoise-overexposedgroup,butdiﬀerentfromthe
proportion observed when ifenprodil was applied just before
or 4 days after the sound overexposure (P < .05). The rats in
this subgroup spent 13.5 ± 1.3 seconds and 13.8 ± 1.0s e c -
onds in the tone arm in the ﬁrst and the last 50 seconds of
the test, respectively. This is not signiﬁcantly diﬀerent from
conditioned intact rats tested in the absence of the tone. Rats
in the other subgroup (i.e., the other 4) spent 36.8 ± 1.7s e c -
ondsand34.8±1.0secondsintheﬁrstandthelast50seconds
of the test, respectively, in the tone arm in the absence of the
external tone. This is diﬀerent from the conditioned animalsM. J. Guitton and Y. Dudai 9
tested in the absence of the tone (P < .001) but not diﬀerent
from the conditioned animals tested in presence of the tone.
None of the rats receiving the AMPA receptor antagonist
DNQX just before the sound overexposure on Day 0 pro-
vided evidence of tinnitus (n = 8). In this case, the time spent
inthetonearmwas12.8±1.0secondsand13.5±1.0seconds,
respectively, for the ﬁrst and last 50 seconds of the test (not
signiﬁcantly diﬀerent from untreated conditioned rats tested
in the absence of the tone). For rats that received the appli-
cation of DNQX 4 days after the sound overexposure (n =
8), 50% demonstrated evidence of tinnitus (see Figure 4(b);
not statistically diﬀerent from the noise-overexposed group,
butdiﬀerentfromtheproportion observedwhenDNQXwas
applied just before the sound overexposure, P < .05). Four of
theseratsspentanaverageof36.8±0.5 secondsintheﬁrst50
seconds and 34.3±0.5 in the last 50 seconds of the test in the
tone arm (diﬀerent from conditioned untreated rats tested
in the absence of the tone, P < .001, not diﬀerent from con-
ditioned untreated rats tested in presence of the tone). The
other 4 rats in this 4-day postexposure DNQX group spent
10.3 ± 0.9 seconds in the ﬁrst 50 seconds and 13.0 ± 1.4i n
the last 50 seconds of the test in the tone arm (not signiﬁ-
cantly diﬀerent from the untreated conditioned rats tested in
the absence of the tone). None of these animals preferred the
t o n ea r ma sﬁ r s tc h o i c e( P < . 0 5c o m p a r e dt ot h eg r o u po f
animals receiving ifenprodil at Day 0, and P < .05 compared
to the group of animals receiving DNQX at Day 0, Wilcoxon
test).
Local application of the serotonergic agent mCPP into
the cochlea just before noise overexposure did not prevent
the occurrence of tinnitus (n = 8, see Figure 4(b)). Two
weeks after noise overexposure, 50% of these rats displayed
tinnitus-like behavior (not statistically diﬀerent from the
noise-overexposed group, but diﬀerent from the proportion
observed when ifenprodil was applied just before, or 4 days
after the sound overexposure, P < .05). Rats in the subgroup
that displayed behavioral evidence of tinnitus: four of these
ratsspent37.3±0.9secondsand35.5±1.0secondsintheﬁrst
and the last 50 seconds of the test in the tone arm in the ab-
sence of the tone (diﬀerent from untreated conditioned rats
tested in the absence of the tone, P < .001; not diﬀerent from
untreatedconditionedratstestedinpresenceofthetone).All
these rats selected the tone arm as their ﬁrst choice. In con-
trast, rats in the other subgroup spent 12.3±1.0 seconds and
14.3±0.9secondsintheﬁrstandlast50secondsofthetestin
the tone arm (not signiﬁcantly diﬀerent from the untreated
conditioned rats tested in the absence of the tone), and only
one of these rats selected the no-tone arm as the ﬁrst choice.
4. DISCUSSION
It is estimated that about 10% of the adult population in
industrialized societies suﬀer some form of chronic tinnitus
[1, 3]. In most cases, it is the consequence of noise trauma,
posing a rather widespread and expanding occupational or
clubbing hazard. Drug toxicity, a side eﬀect of medications
such as salicylates and certain antibiotics, can also cause tin-
nitus. Over the years, multiple hypotheses have been raised
concerning the neuronal locale(s) of the insult, including the
peripheral auditory system, the central auditory system, or
higher-order, limbic structures [4, 8, 9].
In this study, we set out to investigate neurobiologi-
cal mechanisms of tinnitus, with the long-term objective of
identifying targets for intervention to prevent or ameliorate
thepathology. Weﬁrstdeveloped a newbehavioralparadigm
to measure tinnitus in the rat. Using this paradigm, we
demonstratedthatlocalcochlearapplicationofifenprodil,an
antagonist of the 2B subunit of the NMDA receptor (NR2B),
preventsthelong-termoccurrenceofnoise-inducedtinnitus,
suggesting that the 2B subunit of the NMDA receptor com-
plex (NR2B) may be critically involved in the induction of
tinnitus by salicylate.Byanalyzing thetime-window of sensi-
bility ofnoise-inducedtinnitus toifenprodil, wethendiscov-
ered that long-term tinnitus undergoes a consolidation pe-
riodofseveraldays,duringwhichtinnituscouldbeabatedby
blockade of NR2B in the cochlea. These results broaden our
understanding of tinnitus and pave the way to the develop-
ment of novel methods to prevent or ameliorate it. Further-
more, these data also reﬂect on the notion of consolidation
in neural plasticity in general.
4.1. Perceptionoftinnitusinrats
Designing a behavioral paradigm to determine tinnitus in
animals is highly challenging. In the test described here, the
expectation was that animals with tinnitus would behave as
though they hear a tone even in its absence. This was indeed
proven to be the case: in a task involving conditioned tone
arm association, treated animals expected to have tinnitus
(following either salicylate treatment or noise overexposure)
behaved in the absence of a tone as if they were hearing it.
This new behavioral paradigm allowed us to deﬁne a crite-
rion to decide whether freely moving rats are experiencing
tinnitus, and validate it using salicylate treatment under con-
ditions that are established to induce 100% tinnitus.
The new protocol also provided us with the ability to
dissect some perceptual attributes of tinnitus. By separating
dataobtainedduringthetestintervalintotwo50-secondseg-
ments, we were able to show diﬀerence in the behavior in
the presence of the tone between salicylate-, noise-treated,
and control rats. There was a decrease over the test in the
time that the salicylate rats spent in the tone arm, which was
not observed in the group of noise-exposed animals. This
could be explained by assuming that salicylate rats under-
went some perceptual depreciation during the test, realizing
thatsalicylate-inducedtinnitusdoesnotreally“sound”asthe
tone. An alternative interpretation of this diﬀerence could
be that the tinnitus percept induced by salicylate changes
over time. In the case of salicylate, tinnitus percept could
have been modulated by other factors, such as the stress of
not ﬁnding the platform. However, such a modulation is
unlikely to have occurred, since animals presenting noise-
induced tinnitus do not display such behavior. The fact that
salicylate-induced tinnitus and noise-induced tinnitus diﬀer
in their perceptual characteristics is of major importance.
Given the fact that the vast majority of animal data in the
ﬁeld of tinnitus research was obtained using salicylate to in-
duce tinnitus, caution should be practiced in generalizing10 Neural Plasticity
theperceptualandmechanisticconclusionstonoise-induced
tinnitus.Someauthorsindeedreportedparticularbehavioral
aspects related to noise-induced tinnitus [21], but a direct
comparison of the validity of salicylate-induced tinnitus as a
relevant model for noise-induced tinnitus was still lacking.
Our study reinforces the almost tautological conclusion that
the best model of noise-induced tinnitus is noise-induced
tinnitus.
Havingsaidthat,themolecularmechanismsofsalicylate-
inducedtinnitusareofmarkedimportance.Bothinvitroand
in vivo data indicate that salicylate interferes in the cochlea
with glutamatergic neurotransmission, particularly by selec-
tively amplifying NMDA-mediated responses [24, 25]. Fur-
thermore, pharmacological experiments have shown that
this pathway lies at the source of salicylate-induced tinnitus
[7]. The detailed mechanisms, however, are yet to be deci-
phered. We add to the elucidation of these mechanisms by
suggesting here that the 2B subunit of the NMDA receptor is
particularly involved in this process.
4.2. Molecularbasesofnoise-inducedtinnitusand
therapeuticpotential
In contrast with noise-induced tinnitus, salicylate-induced
tinnitus only lasts for a short period of time [7, 20]. Noise-
induced tinnitus is therefore of a greater clinical signiﬁcance.
Whereas under the conditions used in this study, salicylate
treatment induced tinnitus in all treated animals (as ex-
pected),theseverenoiseinsultyieldedtinnitusinonlypartof
the treated group. This probabilistic characteristic of noise-
induced tinnitus iswelldocumented in humans,andhasalso
been suggested in animals [21].
Inconsideringpotentialpharmacopeiafornoise-induced
tinnitus, the ﬁrst synapse of the auditory pathways (the
synapse between inner hair cells and primary auditory neu-
rons) is an appealing target. Indeed, in this study, when lo-
cally applied during the ﬁrst 4 days following the noise over-
exposure, the NR2B-containing NMDA receptor antagonist
ifenprodil was able to completely abate long-term noise-
induced tinnitus.
Taking into account the fact that the synapses between
inner hair cells and primary auditory neurons are gluta-
matergic [26], the question arises whether the NMDA recep-
tor antagonist ifenprodil acts to repair the damage or pro-
tects against glutamate-induced excitotoxicity. Glutamate-
induced excitotoxicity is often associated with overactivity of
AMPA receptors, but NMDA receptors have also been im-
plicated [27, 28]. Whereas the local application of ifenprodil
led to abolishment of tinnitus even when applied 4 days after
the noise overexposure, local application of the AMPA re-
ceptor antagonist DNQX had an eﬀect only immediately be-
fore the noise overexposure. The fact that local application
of DNQX failed to decrease the ratio of occurrence of tin-
nitus after exposure to an acoustic trauma when the appli-
cation was done 4 days after the trauma shows that AMPA
involvement in noise-induced damage mainly occurs at the
ﬁrst stage after the insult, that is, during the period of the
postulated response to excitotoxicity.
ThelackofeﬀectoftheserotonergicagentmCPPjustbe-
fore the acoustic trauma on the expression of tinnitus two
weeks afterwards argues against nonspeciﬁc eﬀects of the
surgery or the dilution of endogenous perilymph with the
vehicle. Furthermore, to validate the speciﬁcity of the eﬀect,
we also locally applied a drug that is irrelevant to the genesis
of salicylate-induced tinnitus: the serotonergic agent mCPP
[12]. Incidentally, those results also ruled out a putative role
of serotonin in the generation of noise-induced tinnitus.
4.3. Generalityofmemoryconsolidationwindows
It is noteworthy that the postinsult time window during
which the NMDA receptor antagonist can abate tinnitus is
limited to a few days only. A transient time-window of sus-
ceptibility to blockers of experience-dependent plasticity is
a universal property of memory systems, and is referred to
as consolidation [29, 30]. Furthermore, though the NMDA
receptor was considered to play a role in memory encod-
ing only [31], evidence exists that it may play a key role in
memory consolidation as well [32, 33]. The exact mecha-
nisms of the NMDA receptor blockade in tinnitus notwith-
standing (see remark on repair or protection above) the phe-
nomenon of a transient sensitivity window during which an
experience-dependent neuronal change can be abated may
not be a hallmark of learning and memory systems only, and
apply as well to experience-dependent modiﬁcations that are
notconstruedaslearning.Indeed,tinnituscouldberegarded
as experience-dependent modiﬁcation in a neuronal system,
which may share mechanisms with memory systems even at
the earliest station in which the insult leaves an imprint.
This conclusion is not only of a conceptual nature, as it
bears also upon the potential mechanisms of tinnitus. Multi-
ple hypotheses have been raised concerningthe critical locale
of the tinnitus-induced insult, including the peripheral au-
ditory system, the central auditory system, or higher-order
brain structures [4, 9]. The possibility cannot be excluded
that tinnitus involves several or all of these locales, and that
they are recruited over time, in a process that resembles
memory systems consolidation, that is, the translocation of
an engram from one location to another and its distribution
over multiple loci [30, 34]. If this is the case, clearly, the ef-
fectiveness of the treatment of long-term, noise-induced tin-
nitus is expected to decline over time after the insult. The
ﬁnding that local application of a speciﬁc receptor antago-
nist into the ﬁrst station of the auditory system is an eﬀec-
tive treatment in the ﬁrst days after the insult, under condi-
tions that should minimize systemic side eﬀects, is therefore
of marked potential clinical implication.
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